This paper proposes a three-dimensional (3D) channel model for satellite communications at Q-band in a high latitude, including the path loss, shadowing, and small-scale fading. The shadowing effect is modelled by a Markov chain. The three states in the Markov chain are separated by the threshold of the received power level for the link budget and system optimization. The probability density function (PDF) of shadowing amplitude is modelled by a mixture of two Gaussian distributions with parameters obtained by the expectation-maximum (EM) algorithm. The small-scale fading is represented by a 3D geometrybased stochastic model (GBSM) where scatterers are located on the spherical surface of a hemisphere. The movement of the receiver and the Rician factor influenced by environment scattering are considered. Statistical properties including the local temporal autocorrelation function (ACF) and Wigner-Ville spectrum are derived. The satellite communication channel measurement at Q-band is conducted on the campus of Heriot-Watt University (HWU) in Edinburgh, UK. The parameters of our proposed channel model are estimated by the measurement data. Numerical and simulation results demonstrate that our proposed channel model has the ability to reproduce main statistical properties which are also consistent well with the corresponding theoretical and measurement results.
coverage capabilities. In the past years, satellite communications have been widely used for a variety of applications such as navigation, earth observations, and broadcasting. There are higher requirements for satellite communication systems, such as the higher capacity, improved quality of service (QoS), and ubiquitous connectivity, when there is considerable interest in the application of next generation terrestrial wireless communication systems. For the design and performance evaluation of satellite communication systems, it is necessary to get a general, accurate, and low-complexity model to depict the underlying realistic propagation channel characteristics [11] .
Most researchers mainly focus on using different distributions to represent the shadowing and small-scale fading and how the shadowing affects the line-of-sight (LoS) and scattered components. The authors in [12] [13] [14] [15] [16] used Rayleigh distribution and lognormal distribution to model small-scale fading and shadowing, respectively. In [12] and [13] , the authors associated the above two distributions as additive. The envelope of LoS component faded by shadowing and multipath scattered component are assumed independent with each other. The phases are also independent with each other. The major difference between [12] and [13] is that the LoS component in [13] is Doppler shifted, so the model in [13] has a higher degree of freedom. The authors in [14] [15] [16] took the association of the two distributions as multiplicative. The envelope of multipath scattered component is effected by shadowing and LoS component is ignored in [14] [15] [16] . The channel models in [17] [18] [19] [20] [21] used Nakagami-m/Nakagami-q distribution instead of Rayleigh distribution to model small-scale fading because they represent more diverse fading conditions compared to Rayleigh distribution. As Rayleigh distribution is a special case of Nakagami family distributions, the channel models in [17] [18] [19] [20] are viewed as generalizations of the multiplicative Rayleigh-lognormal models in [14] [15] [16] .
Aforementioned channel models composed of two distributions are oversimplified and not flexible to depict the channel characteristics under kinds of weather conditions and environments separately and clearly. For classifying different channel states and describing the received power level changes over time, the Markov chain process has been widely used to model satellite communication channels, such as [12] , [16] , [22] [23] [24] [25] . It defines specified number of states with specified probability depending only on the previous state. The authors in [22] modeled the satellite propagation fading channels by hidden Markov models of 10 states. The number of states was too large to explain the physical mechanism of these states. Meanwhile, the International Telecommunication Union (ITU) recommended it is better to use a threestate model to depict the satellite signal propagation [30] . A dynamic higher order Markov state model for multiple satellite broadcasting systems was proposed in [12] . The hidden Markov models and dynamic higher order Markov state models provide better balance between complexity and accuracy. The channel models in [12] , [23] [24] [25] proposed Markov-chain-based channel models for satellite systems at L-band, Ku-band, Ku-band, and X-band, respectively. While the traditional satellite communications service at L-band (1-2 GHz), C-band (4-8 GHz), X-band (8) (9) (10) (11) (12) , and Ku-band (12) (13) (14) (15) (16) (17) (18) , the increasing need for higher bandwidth for reducing costs drives the exploitation of millimeter wave (mmW) bands. Q-band (33-50 GHz) is used for the feeder link of satellite communication systems in order to free lower band spectrum to revenue user links and reduce cost of the terrestrial segment [26] [27] [28] . Additionally, compared with 5G wireless communications at mmW bands, satellite communications at Q-band have better performance in global seamless coverage and reliability at disaster scenarios. Although none of [12] , [22] [23] [24] [25] has considered the satellite propagation at Q-band in high latitude, variations at frequency band have a major effect on space-to-earth channel. They used conventional distributions in traditional satellite channel models to generate parameters, such as Rice distribution, lognormal distribution, Nakagami-Rice distribution, Loo distribution, and lognormal-Rayleigh distribution. However, none of them focued on the improvement of parameter estimation algorithm. The current small-scale channel models based on Rayleigh or Nakagami family are insufficient to take the propagation mechanism and the correlations among amplitude, angle, and Doppler frequency into account. The ratio of LoS component to non-line-of-sight (NLoS) component was also not considered.
In this paper, we propose a three-dimensional (3D) channel model for satellite communications at Q-band in a high latitude. The main contributions of this paper are summarized as follows:
1) The mixture of Gaussian (MoG) distribution is firstly used to depict the satellite shadowing channel model. Expectation-maximum (EM) algorithm is used to estimate parameters of probability density functions (PDFs) of amplitude of Markov chain process states. 2) The received power level of the channel is modeled via a Markov process. 3) 3D geometry-based channel model (GBSM) is firstly used to model satellite small-scale fading. The correlations among channel parameters (distances of multipaths, azimuth angle of arrival (AAoA), elevation angle of arrival (EAoA), azimuth angle of departure (AAoD), elevation angle of departure (EAoD), Doppler frequency, and phase) are considered. The movements of receiver (Rx) and cluster are also taken into account. 4) The measurement data of satellite-to-earth propagation channel at Q-band in high latitude has been obtained and analyzed to model. The rest of the paper is organized as follows. The 3D channel model for satellite communications at Q-band in high latitude is shown in Section II. In Section III, we describe the measurement setup of satellite communications at Q-band. The parameter estimation via measurement data is also given in this section. The statistical properties of the proposed reference model are derived in Section IV. Section V presents the corresponding simulation model. Simulation results and analysis are also given in Section V. At last, conclusions are drawn in Section VI.
II. 3D SATELLITE CHANNEL MODEL
The proposed 3D channel model for satellite communications at Q-band in high latitude can be decomposed into three parts, and can be presented as
where h 1 (t) and h 2 (t) denote the free space path loss (FSPL), and the shadow fading, respectively, h 2 (t) is a Markov chain process based on measurement will be explained in Section III, h 3 (t) denotes the small-scale fading, which is caused by scattering multipaths and the movement of Rx. The definitions of key parameters for the proposed 3D theoretical satellite channel model are given in Table 1 .
A. FSPL
FSPL is mainly determined by the distance and frequency. It predicts how the area mean varies with the distance between the satellite and Rx [31] . FSPL can be expressed as
where f c is carrier frequency, c is speed of light, the initial distance D LoS between the satellite and Rx can be calculated by
with
where D LoS is the initial distance between satellite and Rx [29] , R E is the radius of the earth (in the range of 6378.1-6356.8 km, depending on the latitude), L and θ LoS respectively present the altitude of the satellite and elevation angle as shown in Fig. 1 .
B. SHADOW FADING
The long-term variations of the amplitudes are modeled as a chain of distinct states using a first order Markov-chain process. The differentiated received signal amplitude level is related to the underlying signal propagation condition, which is represented as a state of the Markov model. The bad state corresponds to the situation that the received signal cannot be detected because of the link budget. The moderate state occurs in bad weather conditions, and corresponds to the deep fading which can be detected by the satellite communication receiver system. The good state corresponds to a small signal lever oscillation with low scattering contributions.
The first order Markov model can be represented by a stationary state probability vector (SSPV) which contains the limited probabilities of three states and a state transition probability matrix (SPTM) which contains all transition probabilities between any two of three states. The SSPV is presented as
where P G , P M , and P B denote the limited probabilities of good state, moderate state, and bad state, respectively, [·] T denotes the transpose operator, N i is the number of the i-th state and N is the total number of three states. The transitions between any two states are based on SPTM. The state transition diagram of the Markov chain is shown in Fig. 2 . The SPTM is presented as
where P ij denotes the transition probability from the i-th state to the j-th state, N ij is the number of the transition from the i-th state to the j-th state. In the measurement data, the number of states is sufficiently large but finite. Therefore,
C. SMALL-SCALE FADING
In the theoretical small-scale model shown in Fig.1 , the Rx is located at the origin point of the 3D reference coordinate system. The cluster is located at the spherical surface of the hemisphere whose center is also located at the original point of the 3D reference coordinate system. The vector of movement of the cluster and Rx, is defined as v c and v. The maximum Doppler frequency and carrier wavelength are denoted as f max and λ. Also, let S denotes the total number of rays within a cluster, which obeys a Poisson distribution in the millimeter wave frequency band [32] . The channel impulse response of small-scale fading can be presented as
The Doppler frequency of LoS path is expressed as
The received phase of LoS path can be expressed as
The Doppler frequency of NLoS path can be calculated as
where
The phase of received NLoS path via the s-th ray can be expressed as φ NLoS
III. MEASUREMENT SETUP AND PARAMETER ESTIMATION A. MEASUREMENT SETUP
Alphasat (also referred to as Inmarsat-4A F4) is a geostationary orbit satellite which is located at 25.0 • E. Since May 1 st , 2016, the Alphasat beacon Rx at Q-band (39.402 GHz) shown in Fig. 3 -(a), has been installed at the roof of the Earl Mountbatten Building on the campus of Heriot-Watt University (HWU) in Edinburgh, UK. The azimuth angle and elevation angle of observation is approximately 147.2 • and 21.3 • , respectively. The measurement campaign is a joint effort between HWU and National Aeronautics and Space Administration (NASA) Glenn Research Center (GRC) to characterize the satellite channel attenuation at the Q-band. The location of the Alphasat beacon terminal is shown in Fig. 3-(b) . The location information and specifications for the installation site are summarized in Table 2 .
The basis design of the AlphaSat beacon receiver at Q-band is similar to the one installed and in operation since April 2014 at the Politecnico di Milano (POLIMI) described in [33] . It is a 0.6 m Q-band Cassegrain reflector with equivalent antenna beamwidths of 0.9 • . The independent openloop tracking systems is used for the antenna to track the inclined orbit of the Alphasat. The first downconversion to a conventional intermediate frequency (IF) of 70 MHz happends within the temperature controlled the radio frequency (RF) installed directly behind the antenna. Independent temperature controls of the low noise amplifier (LNA) is used to maintain a temperature stability of +/−0.01 • C. The LNA has a noise figure of 2.7 dB, which results in a reduced dynamic range of 35 dB. From the RF box which is installed behind the antenna, the signal is routed to a secondary temperature controlled IF box where the final downconversion stages take place to the 5 MHz IF. The temperature stability of the IF box is maintained to within +/ − 0.25 • C. The estimated system temperature of the AlphaSat beacon receiver based on the measured component performance is calculated as 908 K. A common ultra-stable 10 MHz reference oscillator drives all local oscillators utilized in the three-stage downconversion process. The system parameters of the AlphaSat beacon receiver system are shown in Table 3 .
The 5 MHz IF of the receiver requires modifications in order to maintain similar performance from the frequency estimation routine employed in all NASA GRC-based beacon receivers [34] , [35] . The 5 MHz IF signal is sampled by a 12-bit National Instruments 5124 data acquisition (DAQ) card at a sampling frequency of 11.111 MHz. For the 10 Hz data measurement rate, 220 samples are collected for a final fs/N resolution of 10.6 Hz. In order to perform the frequency estimation routine and record the signal power every 0.1 s, it was required to digitally filter and decimate the sampled data by a factor of 32 to reduce processing time. A 50 kHz 10-th order Type 2 Chebyshev digital bandpass filter is employed prior to decimation. The frequency track of the signal is maintained to center the Chebyshev filter at the current tracked frequency. This also allows for tracking of deep fades by reducing the tracking bandwidth window around the nominal beacon IF frequency when the signal strength is reduced to within 10 dB of the noise floor level.
B. MEASUREMENT DATA
We take the measurement data from June 2016 to May 2017. After deleting the invalid data, the time series of received signal power is shown in Fig. 4 . The blue line shows the received signal in 1Hz sample rate. For decreasing the complexity of data pre-processing, we get the received signal in 1/60Hz sample rate marked by red dash line. To a certain degree, the fluctuation of the red dash line can show that of the blue line. The dark line and green dash line show the signal mean power and the signal power after FSPL and losses of the Alphasat beacon terminal system, respectively. The light blue dash line is the minimum detection of signal power. The PDF of the received signal power is shown in Fig. 5 .
C. STATE DURATION AND THRESHOLD
According to the performance of satellite system and link budget [36] , we set the threshold to distinguish the good state and the moderate state (TGM) by 3 dB, 4 dB and 5 dB lower than signal maximum (-61.844 dB) and the threshold between moderate state and bad state (TMB) as 10 dB lower than TGM. For the resolution and accuracy, we set up the state duration (SD) as 10 min, 15 min, 20 min, 25 min, and 30 min. The PDFs of signal amplitudes of good state, moderate state and bad state with different SDs and TMBs are shown as follows. The comparison among Fig. 6, Fig. 7 , and Fig. 8 indicates the PDF of signal amplitudes for moderate state is smoother and more stable when the TGM is set up as 3 dB and the SD is set up as 10 min or 15 min. The SSPVs and SPTMs with different TGM and SD which are shown in Table 4 .
D. PARAMETER ESTIMATION
By analyzing the measurement data, we model the PDF of good state as an mixture of two Gaussian distribution, which is presented as 2) E step: compute
, for all k 
where N is the number of measurement sample. 4) Repeat E step and M step until the convergence condition is met. The fitted results by the EM algorithm with the measurement data are shown in Fig. 9 .
The parameters of the mixture of two Gaussian distribution in three states, such as the weight vector, mean vector, and variance vector, are shown in Table 5 .
IV. STATISTICAL PROPERTIES
In this section, the statistical properties of the proposed theoretical channel model in Section II will be derived based on the expressions (12)- (20) under the non-isotropic scattering condition. The statistical properties can capture the effects of the movements of Rx and clusters that in a non-stationarity behavior. There is significant meaning for the satellite communication technology applied in the beyond 5G wireless systems.
A. LOCAL TEMPORAL ACF
The normalized temporal autocorrelation function between two complex fading envelope h 3 (t − τ 2 ) and h 3 (t + τ 2 ) can be presented as
where (·) * denotes complex conjugate operation and E{·} is expectation operator. By substituting (12) and (31), the local temporal ACF can be calculated as
where the LoS component of the local temporal ACF can be calculated as (33) , as shown at the bottom of the next page, and the NLoS components of the local temporal ACF can be calculated as (34) , as shown at the bottom of the next page. Please note that p ϕ (ϕ R ) is the PDF of the AAoA ϕ R and p θ (θ R ) is the PDF of the EAoA θ R . A number of distributions have been adopted to describe the angle parameters, such as the Gaussian distribution [38] , the uniform distribution [39] , and the Laplacian distribution [40] , etc. In this simulation model, the AAoA ϕ R and EAoA θ R are described using the von-Mises distribution [41] . The von-Mises distribution can approximately transform to many distributions [42] , which has been successfully validated by measurement data [41] . The PDF of the von-Mises distribution is given by
where I 0 (·) is the zero order modified Bessel function of the first kind, ς is the mean value of the angles, and κ corresponds to the angular spread. The uniform distribution is a special case of the von-Mises distribution when κ = 0, i.e., p(ξ ) = 1 2π . As κ become larger, the angles become more concentrated around the mean value ς , representing a nonisotropic scattering environment.
B. WIGNER-VILLE SPECTRUM (DOPPLER POWER SPECTRUM DENSITY)
The Wigner-Ville distribution is presented as [43] The Wigner-Ville spectrum is the expectation value of the Wigner-Ville distribution, which is the Fourier transform of the local temporal ACF ρ(t, τ )
where the LoS component of the Wigner-Ville spectrum can be calculated as (38) , as shown at the bottom of the next page, and the NLoS components of the Wigner-Ville spectrum can be calculated as (39) , as shown at the bottom of the next page.
V. SIMULATION RESULTS AND ANALYSIS
In this section, the generation and comparison with measurement data of the received signal area mean power (corresponding FSPL h 1 (t) and shadowing h 2 (t)) are presented. The numerical and simulation results of the received signal local mean statistical properties of (corresponding small-scale fading h 3 (t)) are also provided. The effects of the movements of Rx is evaluated.
A. RECEIVED SIGNAL AREA MEAN POWER
The Markov process s[n] which represents the switch position in Fig. 10 is obtained by the state transition diagram as depicted in Fig. 2 . The initial state is generated by SSPV, and the following states are only determined by the last state and SPTM. We can generate the received amplitude level α(t) by the state chain according to the PDFs of amplitudes of good state, moderate state, and bad state.
To evaluate the performance of simulation, the PDFs of signal amplitudes of good state, moderate state, and bad state in this simulation is calculated and compared with measurement data and the MoG distribution fitting based on EM algorithm in Fig.11 . 
B. RECEIVED SIGNAL LOCAL MEAN STATISTICAL PROPERTIES
In the proposed theoretical model for small-scale fading, the number of rays is assumed to be infinity (S → ∞). It is impossible to implement this model directly. With respect to a channel simulator, the simulation model, which is the discrete realization of the theoretical model with a finite number of rays, should be used. The simulation model of the proposed small fading channel model is expressed as 
In the simulation, the modified method of equal areas (MMEA) [44] is adopted to obtain the discrete AAoAs ϕ R s (EAoAs θ R s ) of finite rays through the following equations
where p(ξ ) is the PDF of von-Mises distribution in (35) . The theoretical and simulated absolute values of the local temporal ACFs with different initial time t are shown
ρ NLoS (t, τ ) in Fig. 12-(a) . The theoretical and simulated results align well, which demonstrates the correctness of our derivation and simulation. The diversity of absolute values of the local temporal ACFs with different initial time shows the nonstationarity of this model. The theoretical and simulated absolute values of the local temporal ACFs with different velocity of Rx (v) are shown in Fig. 12-(b) . With a higher speed of Rx, the absolute values of the local temporal ACF drops fast, which can result in a shorter coherence time of the channel. The theoretical and simulated absolute values of the Wigner-Ville spectrums with different initial time t are shown in Fig. 13-(a) . The theoretical and simulation results align well with all selected initial time, which clearly demonstrats that the derivations and simulations are correct. The non-stationarity of this model is also observed through the diversity of Wigner-Ville spectrums with different initial time. The theoretical and simulation absolute values of the Wigner-Ville spectrums with different velocity of Rx (v) are shown in Fig. 13-(b) . As velocity of Rx (v) increases, the Wigner-Ville spectrums become more dispersive and the peak value become lower.
VI. CONCLUSION
In this paper, we have proposed a 3D channel model for satellite communications at Q-band in high latitude. It contains three parts, i.e., FSPL model, a modified shadowing model based on a first order Markov-chain process, and a smallscale fading based on GBSM. In the modified shadowing model, the SSPV and SPTM have been calculated by the measurement data. The PDFs of amplitudes of three states (good state, moderate state, and bad state) follow the MoG distribution. The parameters of the MoG distributions are estimated by EM algorithm from the measurement data which is measured on the campus of HWU in Edinburgh, UK. The first order statistical properties of received signal area mean power and the second order received signal local mean statistical properties have been derived and simulated to verify and analyze this model. SHANGBIN WU received the B.Sc. degree in communication engineering from South China Normal University, Guangzhou, China, in 2009, the M.Sc. degree (Hons.) in wireless communications from the University of Southampton, Southampton, U.K., in 2010, and the Ph.D. degree in electrical engineering from Heriot-Watt University, Edinburgh, U.K., in 2015. From 2010 to 2011, he was an LTE R&D Engineer responsible for LTE standardization and system-level simulation at New Postcom Equipment Ltd., Guangzhou, China. From October 2011 to August 2012, he was with Nokia Siemens Network, where he was an LTE Algorithm Specialist, mainly focusing on LTE radio resource management algorithm design and system-level simulations. He has been with the Samsung R&D Institute U.K. as a 5G Researcher, since November 2015.
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